The spectrum scarcity of VANETs (Vehicular Ad hoc Networks) can be alleviated by spectrum sharing technology. We present a framework of CCR-VANETs (Cellular-based Cognitive-radio Vehicular Ad hoc Networks). In CCR-VANETs, cellular network performs as primary network while VANET shares the downlink spectrum of cellular network. We consider a scalable urban grid scenario in which vehicles detect available spectrum holes and opportunistically access them according to a carrier-sensing multiple-access protocol. To restrict vehicles' interference to primary receivers, we set a square preservation region around each particular street block where an active base station is located. The number of street blocks in the preservation region is calculated with the practical assumption that vehicles only know the locations of primary transmitters. We analyze the aggregate interference power from primary and secondary networks, then derive the lower-bound of downlink capacity for the primary network and lower-bound of V2V (Vehicle-to-Vehicle) channel capacity for the secondary network respectively. The numerical results demonstrate the impacts of different network parameters on inter-networks interference level and network capacities.
Introduction
Vehicular Ad hoc network, which merges informatics technologies and wireless communications into transportation system, has become an important research topic followed by academia, industries, and governments. In VANET, vehicles equipped with onboard sensors and control systems generate data and disseminate it among other vehicles through DSRC (Dedicated Short Range Communications) protocol [1] . Various services can be carried on VANET including safety applications (collision detection, congestion information, lane change warning, etc.) and entertainments applications (mobile office, Internet access, multimedia transmission, etc.) [2] . With the increasing demands of bandwidth resources to support emerging applications, the 75 MHz DSRC band between 5.850 and 5.925 GHz is proved to be insufficient [3, 4] . Alleviating the spectrum scarcity of VANET is an urgent issue [5] .
CR (Cognitive Radio) is a promising approach to deal with spectrum scarcity, which enables unliManuscript received Feb. 23, 2017; accepted Apr. 01, 2017 This work is supported in part by the National Natural Science Foundation of China (Nos. 61271184, 61571065).
censed users to opportunistically exploit the spectrum of licensed users [6, 7] . Considering the challenge faced by VANET, cognitive radio is introduced into VANETs to solve spectrum scarcity and form CR-VANETs (Cognitive Radio VAENT) [8] . Vehicles in CR-VANETs can opportunistically exploit the licensed spectrum without interfering primary users. In Ref. [9] , Felice et al. proposed a novel spectrum management framework for CR-VANETs, which allows vehicles to opportunistically access spectrum holes in ultra-high frequency TV bands. In Ref. [10] , Fawaz et al. proposed a system that extends the spectrum allocated for VANET control messages into TV spectrum. However, for some vital applications in VANET, it is difficult to ensure QoS requirements when transmitting their data through TV spectrum with a cognitive radio method [11, 12] . Beside the TV spectrum, cellular networks are introduced to carry out vehicular applications by many works, such as LTE-V technology [13] . In Ref. [14] , Kim et al.
present a scenario for CR networks, in which secondary users transmit signals in downlink channels of cellular network with a pre-defined interference temperature limit. In Ref. [15] , Feizi et al. proposed an efficient model for a mobile Ad hoc network that opportunistically exploits the idle channels in the cellular network. Besides, a new type of cellular network service connecting buses with base stations to provide free Wi-Fi on buses has been adopted in many countries [16] . With dedicated base stations and cellular network resources allocated to bus Wi-Fi, it is possible to opportunistically use them to enhance VANET communications. These contributions motivated us to consider a system sharing downlink spectrum of a bus Wi-Fi cellular network with VANET. Numerous studies have investigated spectrum sensing and allocation in CR-VANETs, while few of them focusing on network capacity. In Ref. [17] , Gupta and Kumar investigated the capacity of wireless Ad hoc networks. In Ref. [18] , Weber et al. introduced transmission capacity, which is defined as the product of the maximum density of successful transmissions and the corresponding data rate, with a constraint on outage probability. Recent studies made efforts toward capacity performance analysis of traditional large-scale CR networks under geometry frameworks. In Ref. [19] , Yin et al. investigated the transmission capacities of two overlaid mobile networks. In Ref. [20] , Huang et al. studied spectrum sharing between a cellular network and a mobile cognitive Ad hoc network, and analyzed the transmission capacity performance trade-off between them. Due to some unique characteristics, results achieved in Ad hoc network research cannot be directly applied to VANET. For instance, network topologies in Ad hoc networks are described as random distributions on a two-dimensional plane, while in VANET research, since vehicles' mobility is limited by roads, topologies are modeled as one-dimensional lines or grids. Maintaining a long-lasting unicast communication flow among vehicles over a long distance is unnecessary because VANETs are mainly involved in proximity related applications, such as localized social content sharing and safety message dissemination. In Ref. [21] , Jacquet et al. analyzed asymptotic bounds of VANET capacity in a straight road scenario but ignored the effect of interference. Lu et al. investigated the asymptotic throughput capacity of a social-proximity VANET in a downtown grid scenario [22] , and studied the capacity-cost tradeoffs for vehicular access networks [23] . The downlink capacity of vehicles has been lower-bounded by considering a perfect city grid with the distribution of nodes following a Poisson point process.
In this paper, we investigate the capacity of CCRVANETs (Cellular-based Cognitive-Radio VANETs) with CSMA (Carrier-Sensing Multiple-Access) protocol. The CCR-VANETs system is shown in Fig. 1 . The main contributions of this study are as follows:
• The theoretical capacity of the CCR-VANETs in urban grid scenario is proposed. We study the downlink spectrum sharing between a bus Wi-Fi cellular network and VANET. Vehicles opportunistically access the downlink spectrum of the primary network by exploiting available spectrum holes.
• To keep an acceptable level of interference to primary receivers, we set a square preservation region which contains appropriate street blocks around a particular street block where a base station is located. The number of street blocks is discussed with the practical assumption that the vehicles know only the locations of primary transmitters.
• With the analysis of aggregate interference power from the primary and secondary networks, we obtain the lower-bound of base station-to-bus downlink transmission capacity for primary network, and lower-bound of V2V transmission capacity for secondary network.
coverage cellular network V2V
Figure 1 CCR-VANETs System
The rest of this paper is organized as follows. The system model and definitions are described in section 2. The capacities of primary and secondary networks are analyzed in section 3. The numerical results are presented in section 4. Finally, section 5 gives our conclusions.
System model

Urban street pattern
According to many cities, such as Manhattan and Portland, the street pattern is very common modeled as a grid-like layout [24] . As shown in Fig. 2 , the urban geographic area in this paper is modeled by a perfect grid G (M, L), which includes a set of M vertical roads. Each road segment is represented by a line segment of length L, and the total number of road segments is denoted by g = 2(M − 1) 2 . In this model, the scale of the urban grid can be characterized by M and L. For instance, M is roughly 100, and L is generally from 80 to 200 m for the downtown area of Toronto [25] . Meanwhile, in order to eliminate the border effects, the urban grid G is considered as a torus of unit area, which is a common practice to avoid tedious technicalities [26] . 
Node distribution and communication model
In the primary network, considering the downlink, the transmitters are base stations and the receivers are buses. The transmission power of each base station is assumed the same and denoted by P p . We divide the urban grid G (M, L) into N A squares of equal area A, as shown in upper part of Fig. 3 , where N A is the number of base stations. It can be derived
There is one base station placed in the central street block of each square, and each square is composed of multiple tiers that are co-centered at the base station. The base station is located at the street block T ier (1), and the adjacent street blocks surrounding T ier (1) from T ier (2), and so forth. The width of each tier is r and the total number of tiers of each square is denoted by τ b . The coverage of the cellular is often considered as a hexagon region. For simplicity, it is assumed that the coverage of the base station is a square area of τ c tiers according to the similar approximation. In Ref. [27] . The direct transmission range of the base station is denoted by R = (τ c − 1/2) L. In this paper, we assume τ c < τ b , i.e., the network is partially covered by base stations. As shown in Fig. 3 . the yellow square composed by four tiers denotes the direct transmission coverage of the base station, while the green tier and other tiers outside it cannot support direct transmission between cellular users and base station.
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In the secondary network, we mainly consider the V2V communications. The vehicle opportunistically accesses the licensed spectrum as keeping its interference to the primary network at an acceptable level. We set a preservation region as a square containing K 2 street blocks around a particular street block of the square in which a base station is located. The value of K will be discussed in Section 3. In the preservation regions no vehicles are allowed to transmit. As taking a snapshot of the grid with moving vehicles, the distribution of the vehicles is considered follow a P.P.P. (Poisson Point Process) of density λ.
As such, the average number of vehicles in the grid is given as N = λgL. Then,
Since λ is positive and bounded, we have M = Θ √ N . The transmission power and transmission radius of each communication is assumed the same and denoted by P s and r, respectively. In V2V transmissions, the CSMA with a carrier sensing radius of 2r is adopted to access the spectrum. In other words, the transmitters cannot be active within a distance of 2r simultaneously under the CSMA scheme. Therefore, the distribution of active transmitters in the area outside the preservation regions of base stations follows a MHC (Matérn Hard-Core Point Process) [28] .
Channel capacity
For the wireless channel, in this work we ignore the effects of shadowing and small-scale multipath fading and only consider the large-scale path loss, since a macroscopic description of power attenuation previously shown is sufficient for throughput analysis of a long-term average. As such, the received signal power P ij at receiver j from transmitter i is described as follows
where B is a system-dependent constant, P i is the transmission power of transmitter i, d ij is the transmission distance of transmitter i and the corresponding receiver j, and the path loss exponent α is positive, and α > 2. In the following discussion, we normalize B to be unity for simplicity. The channel capacity of transmitter i and the corresponding receiver j is given by Shannon capacity, i.e.,
where SIN R ij is the signal-to-interference-plusnoise ratio at receiver j, and W ij is the spectrum bandwidth for the transmission. The interference received at receiver j is the aggregation signal power received from all simultaneous transmitters. What makes our model different from the network models in Refs. [22] and [23] is that we introduce two coexisting networks share downlink spectrum of the cellular network, and set a square preservation region around each primary receiver for keeping influence of interference at an acceptable level.
Capacity analysis for the primary and secondary networks
In this section, we derive lower bounds of capacity for the primary network and secondary network respectively. The derivation is mostly based on geometric considerations about interference patterns.
Capacity analysis for the primary network
In Fig. 3 , the bus b 0 is assumed on a road segment of T ier (τ p ) from its base station in the square S 0 , where τ p τ c . The received signal power of bus b 0 from its own base station is denoted by P pr , from the propagation model, we have
where P p is the transmission power of each base station. Assume all base stations are working simultaneously, let I pp denote the interference generating from all other base stations in the primary network suffered by b 0 , we have
Now, we discuss the size for the preservation region, i.e., the value of K. Considering the fact that the base station transmits to buses in its effective transmission region, the preservation region should accommodate at least (2τ c − 1)
2 street blocks to protect the potential buses. Since the buses may be located close to the outer boundary of the coverage of the base station, another layer of protective street block should be added, as shown in Fig. 4 . In this paper, we assume r = nL for simplicity but without loss of generality, where n is an even number. As such, any active vehicles are at least a certain distance away from the potential buses. Therefore, the side length of the preservation square region is defined as
Therefore, the minimum value of K is 2τ c −1+2n. In the VANET, we consider a high-density urban environment. Under the CSMA scheme, simultaneous V2V transmitters with carrier sensing radius 2r cannot be denser than a triangular lattice [29] . As shown in Fig. 4 , due to the preservation region and the CSMA scheme, in the first layer the number of interferers in the secondary network is calculated as
Accordingly, the maximum value of c 1 is 4R/r+4. The next 4R/r+4 × 2 interferers form the second layer, and so on, in the qth layer the number of interferers c q is 4R/r+4 × q. The distance between the receiver marked and interferers in the qth layer is denoted by d q , and d q ∈ [qL, 2R + qL], where
The aggregate interference power suffered by b 0 from the secondary network is denoted by I sp . Since the close form expression of I sp is difficult to determine, we derive an upper bound of it in the following.
where
Let SIN R b denote the SIN R of the received signal at b 0 . Since the lower bound of P pr and the upper bounds of I pp and I sp are all obtained, from SIN R b = P pr /(I pp + I sp ), we can derive the lower bound of the SIN R b , which is denoted by SIN R b lower . The background noise is ignored in this work.
Theorem 1 For the primary network, with the bus b 0 on a road segment of T ier (τ p ), the channel capacity of base station-to-bus transmission is lowerbounded by
Capacity analysis for the secondary network
In the secondary network, we assume a reference vehicle v 0 is on a road segment of T ier (τ s ), where τ c < τ s τ p . Let P sr denote the received signal power of v 0 from its corresponding transmitter, we have
where P s is the transmission power of each vehicle. Let I ps denote the interference from the signal power of all the base stations in the primary network suffered by v 0 . Considering the preservation region around the base station, we have
].
(12) For the V2V transmissions, under the stipulation of CSMA, the six nearest interferers in the first layer are at distance 2r and the next twelve interferors form the second layer, and so on.
As shown in Fig. 5 , the distance between the receiver marked and interferers in the first layer is at least r and at least √ 3q − 1 r. Let I ss denote the aggregate interference suffered by v 0 from the signal power of all the vehicles in the V2V transmissions in the secondary network . We have Let SIN R v denote the SIN R of the received signal at v 0 . Since the lower bound of P sr and the upper bounds of I ps and I ss are all obtained, from SIN R v = P sr /(I ps + I ss ) we can derive the lower bound of the SIN R v , which is denoted by SIN R v lower .
Theorem 2 For the secondary network, with the vehicle v 0 on a road segment of T ier (τ s ), the channel capacity of V2V transmission is lower-bounded by
4 Numerical results
To verify the analytical results obtained in the previous section, a series of simulation have been conducted with MATLAB. We consider a specific city grid of 50 km × 50 km. The power of primary transmitters and secondary transmitters are assumed as 43 dBm and 33 dBm respectively, and the fading factor is 3. Fig. 6 shows impacts of number and coverage of base stations on the interference introduced by other primary transmitters to the specific primary receiver. It is observed that I pp is an increasing function of number and coverage range of base stations respectively. However, the coverage range of base stations has a minimal impact on I pp when the number of base stations is relatively small. This is because of that the denser distribution of base stations means the lager aggregate interference to the specific primary receiver. From Fig. 7 , we can see that I sp is approximately a staircase function of the coverage range of base stations. There's equal aggregate interference from the secondary network to the specific primary receiver when the coverage range of base stations is in a certain range. Based on the simulation of I pp and I sp , then we can obtain the lower bound of channel capacity in base station-to-bus transmission as in Fig. 8 . It is observed that the lower bound of channel capacity is decreasing when the coverage range and number of base stations increase. This is due to the fact that the total interference will increase while the coverage range and number of base stations increase. Fig. 9 shows impact of number and coverage of base stations on the interference introduced by primary transmitters to the secondary receiver. It is observed that I ps is an increasing function of number and coverage range of base stations respectively. As the number and coverage range of base stations increase, the density of primary transmitters becomes larger and there's more interference introduced into the secondary network.
BS coverage radius/m
As is observed from Fig. 10 , the interference introduced by other secondary transmitters to the specific secondary receiver I ss is a decreasing function of length of road segment. I ss is only influenced by the length of road segment and channel propagation environment and independent of base stations. Then the lower bound of channel capacity in V2V transmission can be obtained according to Theorem 2. As shown in Fig. 11 , channel capacity of V2V transmission is also a decreasing function of the number and coverage of base stations range. The numerical results validate our analysis of both primary and secondary networks' lower-bound transmission capacities, and illustrate the impacts of BS number, BS coverage and road segment length on interference level and network capacities, which provides guideline for future works. 
Conclusion
This paper presents a framework of cellular-based cognitive-radio vehicular Ad hoc networks which consists of a bus Wi-Fi cellular network and a VANET. We consider a scalable urban grid scenario and set a square preservation region to restrict vehicles' interference to primary receivers. The number of street blocks in the preservation region is analyzed. The aggregate interference power from primary and secondary networks are calculated, then the lowerbound of downlink base station-to-bus transmission capacity for primary network and lower-bound of V2V transmission capacity for secondary network are derived respectively. Finally, numerical results provide an insight into the impacts of different network parameters on interference level and network capacities.
